Control of the interface structure of atomic scale multilayers is a fundamental issue to improve the performance of spin electronic devices. Deposition behavior of Co on Al surface at 300 K was investigated by molecular dynamics simulation. The deposited Co resulted in the formation of CoAl surface alloy regardless of the Al surface orientation. Structure of the surface alloy was dependent on the substrate orientation. Crystalline B2 structure was formed on Al ͑001͒ surface. On the contrary, amorphous mixed layers were evolved on Al ͑011͒ and ͑111͒ surfaces. In the case of Al ͑001͒ surface, 4 ML of the surface alloy were observed, which is consistent with the previous experimental observation. The present work shows that the formation of CoAl surface alloy should be considered even at the low substrate temperature and the low incident energy of deposited atoms.
I. INTRODUCTION
The basic structure of magnetic tunneling junction used for magnetic random access memory ͑MRAM͒ 1 is ferromagnetic ͑Co or CoFe͒/insulator͑Al oxide͒/ferromagnetic trilayer. It has been well known that interface between the metal and the insulator had a critical role in the spin polarization of the junction. 2 Furthermore, the uniformity of Al oxide layer is closely related to the uniformity of Al layer 3 that is subsequently oxidized. Therefore, understanding the deposition and growth behavior of the metallic film would be a prerequisite to improve the performance of MRAM devices. In addition to the pragmatic concerns, it is generally known that the Co-Al system forms a stable intermetallic compound of B2 ͑CsCl͒ structure in the bulk phase. However, in the case of thin film, studies on the atomic scale investigation of this system have yet to be reported.
Shivaparan, Teter, and Smith 4 reported that the 3 ML mixture of CoAl was generated on Al ͑001͒ surface. This result definitely showed the formation of the mixed layer at the interface; the structural evolution and the mixing mechanism are yet to be clarified. In the present work, we investigated the deposition behavior of Co and Al substrate by classical molecular dynamics ͑MD͒ simulation. Simulated interface mixed layer agrees with that of experiment in quantitative manner. It was observed that the atomic structure of the alloy at interface was dependent on the substrate orientation. 9 for the simulation. Slab model was adapted to simulate the surface. The Al ͑001͒ slab was set to 6a 0 ϫ6a 0 ϫ4a 0 , where a 0 is the bulk lattice parameter of Al, with the surface perpendicular to the z axis. Periodic boundary conditions were applied in both x and y directions. The Al slab has three active layers and one fixed layer at the start of the simulation along the z axis. The ͑011͒ and ͑111͒ surface is also generated by similar method.
II. CALCULATION METHOD
The substrate temperature was set to 300 K. Before deposition of Co, the Al substrate was equilibrated for 3 ps with time step (⌬t) of 0.2 fs. After the equilibration, ⌬t was reduced to 0.1 fs to obtain more accurate results. The incident atoms had a kinetic energy of 0.1 eV. The positions of the deposited atom were random in the xy plane. The Co atom was added at the distance of 16.8 Å from the substrate surface, which was farther than the cutoff distances. Incident angle was normal to the surface. Total evolution time for single atom deposition was set to 5 ps.
III. RESULTS AND DISCUSSION
We investigated the final location of single Co atom deposited on Al substrate. One hundred simulations were performed for each substrate orientation. The position of the Co atom in xy plane was random. Possible site for a deposited atom can be classified into an adatom, substitutional and interstitial site; 10 the adatom site is a hollow site on the surface, the substitutional site is a lattice point below the surface, and the interstitial site is the one not included in the above mentioned sites. The substitutional and the interstitial site would be considered as a mixed position. Table I summarizes the final location of Co atoms with each surface orientation; 90% of Co atom on ͑001͒, 82% of Co atom on ͑111͒, and 54% of Co on ͑011͒ appeared to be mixed with the surface. This behavior of a very high degree of intermixing is contrasted to that of the other metallic system. 11, 12 Wang and Fichthorn 11 reported that only 11% of deposited Au could mix with the Ag substrate. In order to clarify the mechanism of the enhanced intermixing, dynamics and energetics of the deposited Co are being investigated.
In order to compare the position of Co atom with different surface orientation, typical snapshots of single Co atom deposited on ͑001͒, ͑011͒, and ͑111͒ surfaces are shown Figs. 1͑a͒, 1͑b͒, and 1͑c͒, respectively. Since the configurations shown in the figures did not change until 20 ps, these configurations can be thought of as stable structures. When Co atoms are deposited on ͑001͒ surface, a Co atom exchanged with a surface Al atom. The Al atom that was pushed was not placed in the hollow site but on top of the Co atom, which is the most stable site due to the directional bonding of the Co-Al alloy. When Co was deposited on the ͑111͒ surface ͓Fig. 1͑c͔͒, the Al atom was also pushed out to the location of Al which had some deviation from the on-top site of the Co atom. On the other hand, Co on ͑011͒ surface ͓Fig. 1͑b͔͒ located the interstitial site on the substrate.
Deposition behaviors of Al atom on Al substrate were in contrast to those of Co atom on Al substrate, as shown in Figs. 1͑d͒, 1͑e͒ , and 1͑f͒. Most of the deposited Al atoms were located on the substrate surface. Only about 15% of the deposited Al was mixed with the substrate atoms.
Figures 2͑a͒, 2͑b͒, and 2͑c͒ show snapshots of the interface morphology for various substrates, when 1 ML of Co was deposited. In the case of ͑001͒ surface, ordered B2 phase of Co-Al is observed in the surface region. In spite of the low deposition temperature and short period of atomic relaxation, the ordered interfacial structure was readily evolved. Both low mismatch in the lattice parameter ͑0.1%͒ and the same crystallographic symmetry would further enhance the epitaxial formation of CoAl B2 layer on Al ͑001͒ surface. Considering the short time step of MD simulation, the evolution of ordered structure is quite interesting. The surface unit cell of Al ͑001͒ and CoAl B2 ͑001͒ is 2.8637 and 2.867 Å, respectively, which is below 0.1% of lattice mismatch. Both Al ͑001͒ and CoAl ͑001͒ surface have fourfold symmetry. These two factors can make in situ formation of a highly ordered B2 structure on the Al ͑001͒ surface. On the other hand, the structures of the surface alloy in ͑011͒ and ͑111͒ direction were amorphous. This seems to be due to the structural inconsistency between Al ͑011͒ and ͑111͒ surfaces with B2 phases. When Al atoms were deposited, crystalline structure could always be obtained regardless of the orientations ͓Figs. 2͑d͒, 2͑e͒, 2͑f͔͒, which is consistent with the previous simulations in Au/Ag͑110͒ 11 and Ni/Cu͑111͒ 13 systems. We further deposited 10 ML of Co atoms on the Al ͑001͒ surface. Figure 3 shows a comparison of layer coverage fraction of substrate and deposited atom with the distance along the z direction, Co deposition in Fig. 3͑a͒ and Al in Fig. 3͑b͒ . Alternating three layers of Al and Co can be clearly seen in Fig. 3͑a͒ , which implies the formation of interface of ordered B2 structure. Bottom 1 layer is a penetration layer into the surface and the other 2 layers are surface grown layers. This result quantitatively agrees with the experimental data of Shivaparan and co-workers. 4 In the case of Al on Al surface ͓Fig. 3͑b͔͒, however, only gradual change was observed at the interface.
It might be possible to argue that the mixing behavior of the Co atom is due to the initial kinetic energy before deposition. We also investigated the deposition behaviors when the initial kinetic energy is 0.01 and 1 eV. The thickness of the mixed layer was 3 ML regardless of the initial kinetic energies.
IV. CONCLUSION
The most significant result of the present work is that the Co atoms deposited on an Al substrate form a surface alloy 3 ML thick even at room temperature. This behavior is consistent with the experimental observation. 4 On the other hand, Al deposition on Al surface shows a sharp interface between the deposited layer and the substrate. Atomic structure of the surface alloy was that of order B2 phase on Al ͑100͒ surface. However, Al ͑110͒ and Al ͑111͒ surfaces result in amorphous surface alloy. The driving force for the intermixing would originate from the stability of the B2 phase in the Co-Al system. However, the mechanism for the ease of the surface alloying that occurs during a very short period at room temperature is yet to be clarified. Investigations on dynamics and energetics of the deposited Co atoms are in progress. FIG. 3 . Layer coverage fraction of each atom on Al ͑001͒ surface along the z axis. Totally, 10 ML of Co or Al atom were deposited on Al surface. Black square and solid line correspond to substrate Al atom, black circle and dashed line correspond to deposited Co or Al atom, and black triangle and dotted line correspond to total layer coverage fraction. ͑a͒ Co deposition, ͑b͒ Al deposition.
